A new global albedo climatology for Oxygen Aband cloud retrievals is presented. The climatology is based on MEdium Resolution Imaging Spectrometer (MERIS) Albedomap data and its favourable impact on the derivation of cloud fraction is demonstrated for the FRESCO+ (Fast Retrieval Scheme for Clouds from the Oxygen A-band) algorithm. To date, a relatively coarse resolution (1 • × 1 • ) surface reflectance dataset from GOME (Global Ozone Monitoring Experiment) Lambert-equivalent reflectivity (LER) is used in FRESCO+. The GOME LER climatology does not account for the usually higher spatial resolution of UV/VIS instruments designed for trace gas remote sensing which introduces several artefacts, e.g. in regions with sharp spectral contrasts like coastlines or over bright surface targets. Therefore, MERIS black-sky albedo (BSA) data from the period October 2002 to October 2006 were aggregated to a grid of 0.25 • × 0.25 • for each month of the year and for different spectral channels. In contrary to other available surface reflectivity datasets, MERIS includes channels at 754 nm and 775 nm which are located close to the spectral windows required for O 2 A-band cloud retrievals.
proves FRESCO+ effective cloud fractions. In particular small cloud fractions are in better agreement with HICRU. This is of importance for atmospheric trace gas retrieval which relies on accurate cloud information at small cloud fractions. In addition, overestimates along coastlines and underestimates in the Intertropical Convergence Zone introduced by the GOME LER were eliminated. While effective cloud fractions over the Saharan desert and the Arabian peninsula are successfully reduced in January, they are still too high in July relative to HICRU due to FRESCO+'s large sensitivity to albedo inaccuracies of highly reflecting targets and inappropriate aerosol information which hampers an accurate albedo retrieval. Finally, NO 2 tropospheric vertical column densities and O 3 total columns were derived with the FRESCO+ cloud parameters from the new dataset and it is found that the MERIS BSA climatology has a pronounced and beneficial effect on regional scale. Apart from FRESCO+, the new MERIS albedo dataset is applicable to any cloud retrieval algorithms using the O 2 A-band or the O 2 -O 2 absorption band around 477 nm. Moreover, the byproduct of BSA at 442 nm can be used in NO 2 remote sensing and the BSA at 620 nm, 665 nm, and 681 nm could be integrated in current H 2 O retrievals.
Introduction
Accurate cloud information is an important prerequisite for the retrieval of atmospheric trace gases from spaceborne UV/VIS sensors. Errors in the estimated cloud fraction and cloud height (pressure) result in erroneous air mass factors and thus lead to inaccuracies in the vertical column densities of the retrieved trace gas. For example, Boersma et al. (2004) estimated in their tropospheric NO 2 error analysis average uncertainties in the tropospheric air mass factor as large as 30% due to cloud fraction and up to 10% due to cloud top pressure inaccuracies. In addition, the majority of the UV/VIS instruments have a rather coarse spatial resolution which increases the probability of cloud contamination in the sensor's field of view (e.g., Krijger et al., 2007) . Several algorithms for the retrieval of cloud fraction and cloud pressure from UV/VIS sensors have been developed, depending on the instrument's spectral characteristic. Some take advantage of the oxygen absorption in the O 2 A-band around 760 nm (e.g. Kuze and Chance, 1994; Koelemeijer et al., 2002; Wang et al., 2008; Kokhanovsky et al., 2006) , absorption in the O 2 -O 2 band around 477 nm (e.g. Acarreta et al., 2004) , O 2 absorption in several bands (Wagner et al., 2008) , Raman scattering (Vasilkov et al., 2008) , or of a combination of measurements from the Polarisation Measurement Devices (PMD) with measurements either in the O 2 -γ -band or in the O 2 A-band (Loyola et al., 2007) . Since O 2 is a well-mixed gas, O 2 A-band retrieval algorithms utilize the varying depth of the oxygen absorption as a function of the oxygen amount above the cloud (Koelemeijer et al., 2002) .
In ESA's TEMIS (Tropospheric Emission Monitoring Internet Service) project, the FRESCO+ (Fast Retrieval Scheme for Clouds from the Oxygen A-band) cloud retrieval is applied to SCIAMACHY (SCanning Imaging Absorption SpectroMeter for Atmospheric ChartograpHY) (Bovensmann et al., 1999) and Global Ozone Monitoring Experiment (GOME(-2)) Munro et al., 2006) data to derive effective cloud fraction and cloud pressure for each pixel. FRESCO+ uses measured topof-atmosphere (TOA) reflectance in three wavelength windows inside and outside of the O 2 A-band (at 758-759 nm, 760-761 nm, and 765-766 nm). Effective cloud fraction and cloud pressure are retrieved by minimizing the difference between TOA reflectance from radiative transfer calculations and the measured TOA reflectance. With regard to the radiative transfer simulations, FRESCO+ relies on a surface reflectance climatology based on GOME Lambertequivalent reflectivity (LER) acquired between June 1995 and December 2000 (Koelemeijer et al., 2003) . However, the relatively coarse resolution (1 • × 1 • ) of the GOME LER database often inadequately represents surface reflectivity in the instantaneous field of view of recent UV/VIS instruments (e.g. ground pixel size of 30 × 60 km 2 for SCIAMACHY) thereby introducing several artefacts in cloud and trace gas retrievals. For example in regions with strong spatial gradients of reflectance like coastlines (cf. Fig. 1 ), the surface albedo over land is often underestimated which results in an overestimation of the effective cloud fraction. In addition, land use changes during the past decade potentially introduce further inaccuracies in the cloud parameter retrieval.
For these reasons, we test the substitution of the GOME LER climatology in FRESCO+ with a land surface albedo climatology compiled for every month from MEdium Resolution Imaging Spectrometer (MERIS) Albedomap data (Muller, 2008) covering the period October 2002 to October 2006. Contrary to other available BRDF/albedo products, e.g. from the Moderate Resolution Imaging Spectroradiometer (MODIS, Schaaf et al., 2002) , the MERIS dataset provides albedo values at 754 nm and 775 nm located close to both sides of the O 2 A-band as required by FRESCO+. Further, the increased spatial resolution of the MERIS product in comparison to the GOME LER dataset (0.05 • × 0.05 • , herein aggregated to 0.25 • × 0.25 • ) allows to better account for the typical pixel size of UV/VIS sensors. The aim of this study is to describe and assess (i) the compilation and quality of the MERIS albedo climatology, (ii) the differences to the GOME LER climatology, and (iii) to demonstrate the enhancements in the FRESCO+ O 2 A-band cloud retrieval after integration of the MERIS albedo climatology based on SCIAMACHY data.
FRESCO+
The basic FRESCO algorithm is described in detail in Koelemeijer et al. (2002) and the updated FRESCO+ in . Cloud retrieval in the O 2 A-band takes advantage of the larger reflectance of (subpixel) clouds in the continuum window (758-759 nm) as well as the varying depth of the oxygen absorption at 760 nm and 765 nm as a function of cloud height and cloud optical thickness. Effective cloud fraction and cloud pressure are inverted by minimizing the difference between radiative transfer simulations of TOA reflectance and the measured TOA reflectance by applying the Levenberg-Marquart nonlinear least squares method. Following the independent pixel assumption, the (simulated) TOA reflectance can be expressed as the sum of terms containing the reflectance from the cloudy part and from the cloud-free part of the pixel:
where subscript c indicates cloud related and subscript s surface related parameters. Hence, A c and A s are the cloud and surface albedo, c is the effective cloud fraction, T s and T c the direct transmissions along the photon path (from the sun to surface or cloud and back to TOA), and R c and R s the single Rayleigh scattering reflectance including O 2 absorption between the cloud (surface) and TOA. The transmissions T c and T s depend on the solar zenith angle and the viewing zenith angle and include O 2 absorption and Rayleigh extinction. With the exception of c, all parameters in Eq.
(1) are wavelength dependent. Cloud pressure is a function of the depth of the O 2 A-band. The radiative transfer calculations include an assumed cloud albedo of 0.8, a mid-latitude summer atmosphere profile (Anderson et al., 1986) , surface height from the GTOPO30 digital elevation model (from the US Geological Survey's EROS data center), surface albedo from a climatology based on GOME measurements, and TOMS (Total Ozone Mapping Spectrometer) surface albedo (Herman and Celarier, 1997) to estimate snow or ice covered areas. From a computational perspective, a transmission database a) GOME LER b) MERIS BSA is pre-calculated by line-by-line radiative transfer calculations, convoluted with the slit function of SCIAMACHY .
The FRESCO algorithm/software has undergone several improvements and different validations. In its first version (Koelemeijer et al., 2002) , the surface albedo of ocean was assumed to be constant at 0.02 and the surface albedo of land was estimated from minimum reflectivity data from two months of GOME observations on a grid of 2.5 • × 2.5 • resolution. Subsequently, Koelemeijer et al. (2003) compiled a climatology of Lambert-equivalent reflectivity (LER) based on several years of GOME data on a monthly basis and a spatial resolution of 1 • × 1 • . The spectrum corresponding to the minimum LER at 670 nm per month and grid cell is stored in the dataset. The surface LER used in FRESCO are at 758 nm and 772 nm. Fournier et al. (2006) found an overestimation of effective cloud fraction over deserts which they attributed to (absorbing) desert dust aerosols and corrected this effect by increasing the monthly surface albedo by (empirically found) 20% at desert locations with a monthly six-year average of the Absorbing Aerosol Index (AAI) from GOME larger than one. Finally, Wang et al. (2008) added single Rayleigh scattering (last two terms in Eq. 1) in the radiative transfer calculations thereby mainly improving the estimation of cloud pressure for less cloudy pixels which is of special interest for trace gas retrieval in the troposphere.
FRESCO+ retrieves an effective cloud fraction which describes the fraction of an optically thick Lambertian cloud with a fixed albedo of 0.8 that results in the same TOA radiance as the real cloud. Thus, the effective cloud fraction is a radiometric equivalent cloud fraction. This concept has been proven useful for trace gas remote sensing applications (Koelemeijer et al., 2002; Stammes et al., 2008) and estimated errors introduced to trace gas retrievals are usually quite small (and minimal for a fixed cloud albedo of 0.8) when compared to scattering cloud models . In general, the reflectance of clouds is directional dependent. This anisotropy is not (and does not have to be) included in the FRESCO+ algorithm because the effective cloud fraction is used to correct trace gas measurements for the cloud reflectance in the same pixel under the same viewing and illumination angles. Therefore, the effective cloud fraction represents the pixel-averaged cloud reflectance under the actual viewing and illumination conditions. However, it should be emphasized that the effective cloud fraction is not directly comparable to (and usually smaller than) the geometric cloud fraction like e.g. reported by synoptic observations of weather services or derived applying other algorithms (e.g. Loyola, 1998; Kokhanovsky et al., 2009; Schlundt et al., 2011) . The retrieval of cloud information is seriously hampered over snow-contaminated surfaces because it is difficult to separate the measured and the cloud's radiometric signal over surfaces which exhibit a similar reflection as the cloud itself (e.g., Tuinder et al., 2004) . It further follows from Eq. (1) that the effective cloud fraction becomes highly sensitive to errors in the surface albedo when the surface albedo approaches the cloud albedo (Koelemeijer et al., 2002) . Therefore, over snow/ice no cloud fraction is retrieved but a scene albedo and scene pressure are retrieved. (2008) . In brief, top-of-atmosphere MERIS Level2 reflectance is first cloud-screened and corrected for aerosol extinction (Schroeder et al., 2005) providing the MERIS Level 2 SDR (surface directional reflectance). The cloud detection is based on simulated radiances representing the natural variability of cloud and surface spectral properties which train an artificial neural network that converts the MERIS measurements into likelihood of cloudiness . A post-processing is subsequently applied including several spectral and temporal tests and cloud edge detection in order to improve cloud shadow detection, discrimination between cloud and snow/ice and the detection of thin clouds. The aerosol correction uses aerosol optical depth and Angstroem coefficient derived from the daily MODIS aerosol product (Kaufman and Tanré, 1998) or from the the Global Aerosol Data Set (GADS) climatology (Koepke et al., 1997) . The daily SDR of a 16-day period are subsequently averaged to the resolution of 0.05 • in accordance to the MODIS Climate Modelling Grid BRDF (bi-directional reflectance distribution function) product (MOD43C, Schaaf et al., 2002) . A magnitude inversion technique is then applied to the shape of the MODIS BRDF using the MERIS SDR.
Black-sky and white-sky albedo are finally obtained by integrating the corresponding BRDF over the hemisphere, in case of the black-sky albedo for the mean solar zenith angle of the corresponding 16-days periods (Muller, 2008) . In addition, a monthly product is generated by averaging the 16-day data weighted by the number of days falling in the specific month. It is emphasized that the MERIS albedo data depends on the quality of the MODIS BRDF parameters. These parameters could be originating from a full inversion or in case of poor sampling from a predetermined global and season-dependent database of BRDF parameters characteristical for different land cover types . The Albedomap dataset provides albedo values for solar zenith angles up to around 80 • as well as for land surfaces and shallow water areas but not for deep ocean pixels.
Compilation of the MERIS BSA climatology
Using the Albedomap data we compiled a monthly climatology by averaging over the period [2002] [2003] [2004] [2005] [2006] . Black-sky albedo is chosen as the reflectance quantity of interest for reasons explained in Sect. 4.1. The processing is straightforward and the following steps are performed for each spectral channel:
1. All valid BSA pixels for a particular month of the year from the 0.05
The MODIS monthly snow product MOD10CM (Hall et al., 2002 ) on a grid of 0.05 • resolution is used to reject snow contaminated pixels. If a box contains less than 25 out of 100 (25 pixels × 4 years) possible valid and snow/ice-free pixels it is regarded unreliable because of e.g. too much snow coverage or corrupted data. In this case the grid cell is left empty and filled later.
2. If the MODIS snow product indicates that more than 25% of the valid BSA pixels are snow-free, the median of all snow-free black-sky albedo values is stored in the corresponding grid cell. We choose the median BSA to reduce the impact of possible outliers like undetected snow.
3. If the MODIS snow product indicates that more than 75% of all valid pixels have a snow fraction larger than 0.75, the median BSA of all these snow covered pixels and the corresponding snow fraction are stored.
4. For grid cells with more than 25 valid pixels but not filled during steps 2 and 3, the median and the corresponding snow fraction are stored and these grid cells are flagged as (subgrid) snow-contaminated. 6. Water pixels are finally filled (or replaced in case of shallow water near the shores) by the LER from the GOME database and a corresponding flag is set.
In contrast to climatologies built from lower level data (e.g., Kleipool et al., 2008; Koelemeijer et al., 2003) we do not have to deal with cloud masking because the database is already sufficiently cloud screened . Therefore, the median is applied in the second step to minimize the influence of potential outliers, e.g. snow.
Step 4 leads to subgrid snow-contaminated pixels in the dataset which are flagged but might be used for some applications.
Step 5 is mainly performed to obtain a spatially complete dataset. A majority of missing pixels can be assigned to unfavourable illumination conditions, e.g. during winter at high latitudes. Global RGB composites of the resulting climatology are presented in Fig. 2 for the months of January and July. An artificial blue color is assigned to water pixels. The differences between winter and summer are well depicted. Snow coverage in the northern hemisphere is widespread in January and characterized by high reflectivity in the three bands (R: 665 nm, G: 560 nm, B: 490 nm) used to build the RGB. In addition, the greening of vegetation e.g. in North America or the Sahel as well as some changes toward arid conditions during summer, e.g. in Spain, are well detectable.
Results and discussion

Comparison to GOME LER and MODIS BSA
We compare our MERIS black-sky albedo dataset with two existing albedo climatologies, namely the spatially complete MODIS black-sky (Moody et al., 2008) and the GOME LER (Koelemeijer et al., 2003) datasets. It should be noted that black-sky albedo is not the same measure as the Lambertequivalent reflectivity. BSA is the integral of the BRDF over the entire hemisphere whereas the LER is derived from a much smaller range of viewing angles of the satellite's observation geometry (e.g., Kleipool et al., 2008) . Further, the MERIS BSA (overpass at 10:00 LT -local time) are reported for the mean solar zenith angle of the 16-day periods which does not necessarily have to accord to the solar zenith angles of GOME data acquisition (overpass at 10:30 LT) that was used for the GOME LER. Finally, diffuse illumination is disregarded in the BSA whereas in reality some part of the illumination is usually diffuse (blue-sky albedo). However, we justify the use of black-sky albedo for FRESCO+ because (i) in FRESCO+, the albedo climatology is exclusively used to perform the radiative transfer calculations for the clear-sky part of the pixel (cf. Eq. 1); (ii) in clear-sky cases (only aerosol and Rayleigh scattering) diffuse irradiance around 760 nm is usually small compared to the direct irradiance; (iii) the black-sky albedo is generally very similar to the blue-sky albedo for moderate solar zenith angles (0 • -50 • as demonstrated in Liu et al., 2009 ) because the diffuse component decreases with decreasing solar zenith angle; and (iv) the "actual" (blue-sky) albedo is difficult to calculate because accurate knowledge about the atmospheric optical depth is required which is highly variable in space and time. Oleson et al. (2003) reported differences of not more than 2% between BSA and blue-sky albedo and less than 2.3% between BSA and WSA for different zonal averages.
GOME LER climatology
The GOME LER climatology is described in detail in Koelemeijer et al. (2003) . In summary, the climatology provides LER in eleven spectral bands between 335 nm and 772 nm suitable for a wide range of applications (e.g. retrieval of trace gases or aerosols) derived from GOME measured spectra with a spatial resolution of 320 × 40 km 2 . The minimum value at 670 nm of all the LER values falling in each 1 • × 1 • grid cell per month acquired between June 1995 and December 2000 is stored in the data base. The minimum LER is expected to have the least cloud contamination. For the remaining ten channels, the corresponding values of the same spectrum are stored. Three correction steps are subsequently applied to account for remaining cloud effects over ocean, to remove (temporal) outliers, and to fill empty grid cells. The GOME LER database was evaluated by comparison to the TOMS climatology (Herman and Celarier, 1997) for the UV channel at 380 nm and biases in the order of ∼0.007-0.023 as well as standard deviations (σ ) ∼0.02 were found and judged as satisfactory (Koelemeijer et al., 2003) . Fournier et al. (2006) corrected the underestimation of the surface albedo over deserts by empirically found 20%. Herein, we exclusively use this updated GOME database. Figure 1 illustrates the differences between the GOME LER 1 • × 1 • resolution and the MERIS 0.25 • × 0.25 • resolution climatology for the month of July exemplified for a subset covering Europe. Superimposed in red are the outlines of the individual pixels of one SCIAMACHY orbit from 14 July 2006 where a valid vertical trace gas column could have been retrieved. Obviously, the level of detail is much more pronounced in the MERIS BSA data. Different landscape structures such as the Alpine mountain range can be much better observed in the MERIS map. Further, coastlines are distinctively better detectable in the MERIS BSA data, e.g. around the Iberian peninsula or along the African coast. It often appears in the GOME (1 • × 1 • ) dataset that grid cells along coastlines are filled with the ocean LER, e.g. Mediterranean islands like Corsica, Sardinia, Balearic islands, and to some extent Sicily are not captured at all. This mismatch can not only be assigned to GOME's coarser spatial resolution but can also originate from the selection criterion applied to create the GOME LER database. A grid cell covering land and ocean surfaces has a higher probability to be filled with the water spectra as the minimum value at 670 nm is selected where a majority of land surfaces are brighter than ocean. Also the southern part of Italy is strongly affected underlined by the much higher values in the MERIS BSA data than in the GOME LER data for this region. This misclassification can seriously hamper the cloud parameter retrieval. In addition, some larger differences of the BSA and LER values are occasionally detectable. For example, parts of Ireland, Great Britain or the Netherlands show distinctively higher values for MERIS BSA than for GOME LER.
MODIS black sky albedo
The MODIS BSA dataset is available at a resolution of one arc-minute and has been compiled from albedo data (MOD43B3, Schaaf et al., 2002) covering the years 2000 to 2004 (available from ftp://modis-atmos.gsfc.nasa.gov/ L3LandSurfaceProducts). The MODIS data represents spatially complete snow-free albedo values derived with an ecosystem-dependent temporal interpolation technique that has an accuracy of ∼3%-8% (Moody et al., 2008) . In order to compare the two datasets we averaged 15 × 15 pixels of each MODIS image to match the 0.25 • resolution of our MERIS climatology. Further, the MODIS data is provided at a temporal resolution of 16 days. Therefore, we calculate mean values for each month in a similar way as for MERIS (cf. Sect. 3.2), i.e. as an average weighted by the number of days falling in the specific month. The performance of the MERIS BSA is assessed in the nearinfrared (NIR) wavelength region which is of interest for cloud parameter retrieval in the O 2 A-band. With the exclusion of snow (and water), most natural land surfaces exhibit an enhanced reflectivity in the NIR, e.g. vegetated areas or arid regions. MODIS BRDF/albedo products are not available for the spectral region around the O 2 A-band. However, the MODIS channel at 858 nm is spectrally positioned close enough to the MERIS 865 nm channel to conduct the comparison there. The MERIS channels at 754 nm, 775 nm, and 865 nm are highly correlated. The first principal component
Coastline Desert MERIS BSA [754nm] Coastline Desert GOME LER [758nm] a) January b) July of the eigenvalues of the three channels accounts for more than 99.5% of the variance in the data suggesting that the MODIS-MERIS comparison provides valuable information about the quality of the MERIS channels at 754 nm and 775 nm. Finally, it should be noted that these two datasets are not completely independent since the MERIS Albedomap product uses MODIS derived aerosol parameters for atmospheric correction and BRDF parameters to infer the blackand white-sky albedo (cf. Sect. 3.1).
Statistical analysis
Scatter density plots of MERIS BSA (at 754 nm) vs. GOME LER (at 758 nm) for the months of January and July, respectively, are given in Fig. 3 . Snow masked pixels are excluded from the comparison. The marked cluster detectable at GOME LER values lower than 0.05 and MERIS BSA between approximately 0.1 and 0.4 can be assigned to pixels along coastlines (cf. Fig. 4) where the contrast between ocean and land pixels is relatively large in the NIR. These pixels are apparently misclassified in the GOME LER database due to its relatively coarse spatial resolution and selection criteria (cf. Fig. 1 ). The second feature marked in Fig. 3 consists of pixels mostly from arid areas, like the Saharan desert. Obviously, the GOME LER is underestimated in January while MERIS BSA is slightly lower than GOME LER July in the desert grid cells. The scatter density plots also demonstrate that these areas belong to the brightest surfaces in the NIR (apart from snow which has been masked here). Accurate information about the reflectivity of those targets is of particular interest since FRESCO+ is especially sensitive to changes of large albedo values (cf. Eq. 1). The highest densities occur close to the bisecting line but the scatter is rather large. The lower two scatter density plots in Fig. 3 illustrate MERIS BSA vs. MODIS BSA for the months of January and July. In general, a very good agreement between the two datasets can be found for both months. In comparison to the GOME LER-MERIS BSA plots, the scatter is remarkably reduced and no clusters of large differences are detectable. can mainly be assigned to pixels adjacent to snow covered areas, for example in the boreal forest of northern latitudes in January or in the Andes during July (cf. Fig. 4 ). Table 1 summarizes selected statistical parameters from the comparison between the MERIS BSA, MODIS BSA, and GOME LER. In order to reduce the impact of outliers (mostly residual snow) 5% of all match-ups with the largest absolute difference are discarded from the calculation (but shown in the scatter density plot in Fig. 3 ). These statistics underline the findings from Fig. 3 discussed above. MERIS BSA compares better to MODIS BSA than to the GOME LER dataset. The correlation coefficient obtained for the comparison between MERIS and MODIS is 0.98 for the entire dataset and 0.98 and 0.97 for January and July, respectively. Comparing MERIS BSA to GOME LER results in correlation coefficients of ∼0.8. In addition, the linear regression coefficients reveal almost no offsets and slopes near unity for the MERIS BSA-MODIS BSA comparison. In contrary, usually relatively large offsets and slopes considerably smaller than one are found for the MERIS BSA-GOME LER comparison reflecting the large underestimation and mismatch along coastlines in the GOME LER dataset. It is also noteworthy that the average differences between the three datasets are in general clearly below 0.01, except for the MERIS channel at 775 nm and GOME channel at 772 nm which are slightly higher than 0.01. The average differences for the MERIS BSA-MODIS BSA comparison are below 1% of the average (snow excluded) MERIS BSA of the entire year (∼0.28 at 858 nm). Further, the σ of the differences from the MERIS BSA-MODIS BSA comparisons are approximately three times smaller than from the MERIS BSA-GOME LER comparison. We calculated statistical parameters for all individual months of the year. With regard to the MERIS BSA-MODIS BSA comparison, this does not result in a seasonal pattern for any parameter. The smallest correlation coefficient is 0.97 for June and July, the largest average difference is about 0.002 for September. We conclude that the MERIS BSA database compares well and considerably better than GOME LER to MODIS BSA.
Although not the primary objective of this study, we also evaluated the MERIS database in the visible wavelength region because of its potential application for the retrieval of NO 2 tropospheric column amount. The MERIS albedo values from 442 nm and 490 nm are interpolated to the corresponding MODIS spectral band at 470 nm. The entire twelve month data base of MERIS BSA is, like in the NIR analysis, in better agreement to MODIS than the GOME LER with a correlation coefficient of 0.97 (0.80 for GOME LER) and an average difference of 0.003 (−0.013 for GOME LER). Zhou et al. (2010) compared GOME/TOMS LER (440 nm) and the MODIS reflectance products at 470 nm over Europe with similar findings. Integrating the MODIS products in the NO 2 retrieval subsequently resulted in NO 2 tropospheric column amounts up to 15% higher in summer and 20%-60% higher in winter.
Spatial differences
The findings from the statistical analysis are underlined in the spatial differences shown in Fig. 4 . The differences between MERIS BSA and MODIS BSA near 860 nm are generally much lower than the ones between MERIS BSA and GOME LER near 760 nm. The largest discrepancies to MODIS are found in regions affected by (subgrid) snow cover persistent in the MERIS BSA dataset, e.g. near the boreal forests in January or the Himalaya and southern Andes during July. The MERIS BSA is presumably more affected by snow contamination because the MODIS BSA is in principle based on a larger amount of individual observations which allows a better exclusion (and consequent filling) of snow affected surfaces. For example, MODIS (on-board Terra and Aqua) obtains near daily global coverage whereas MERIS requires three days to achieve global coverage. The coastline mismatch of the GOME database is pronounced in most areas of the world and for both months illustrated in Fig. 4 , with the exception of tropical Africa, South America in winter and East Asia in summer. MERIS and GOME also reveal some large differences in arid regions, e.g. in the Saharan desert and the Arabian Peninsula in January or Australia and the Namib desert in July. Negative differences (GOME >MERIS, given in blue) in the tropics are likely due to an overestimation of GOME LER caused by residual cloud coverage near the Intertropical Convergence Zone (ITCZ), e.g. in South America, west coast of Africa or Asia (Koelemeijer et al., 2003) . This difference follows the northward migration of the ITCZ from January to July. While MERIS BSA shows higher values than GOME for the Sahara and the Arabian peninsula in January, for many pixels the opposite is the case for July. Desert regions are challenging for surface albedo retrieval because of the presence of mineral dust and the usually high albedo of the surface. Dust aerosols can lower the measured reflectance at the TOA through absorption (Kaufman et al., 2001 ) so the minimum LER used to compile the GOME LER climatology does not correspond to the aerosol-free observation anymore. Although Fournier et al. (2006) Monthly mean FRESCO+ GOME and FRESCO+ MERIS effective cloud fraction (a-d) as well as their absolute differences (e-f) for January and July 2006. Note that ocean pixels are processed with the GOME LER data also in the MERIS retrieval so that no differences occur over water. Grid cells with no valid retrieval, e.g. due to permanent snow coverage are given in a grey color.
effect, the deviations between GOME and MERIS are still large when considering the good agreement between MERIS and MODIS. However, the MERIS and MODIS albedo products might be also strongly affectedby the presence of desert dust aerosols. Both products rely on the aerosol optical depth (AOD) retrieval over land from MODIS (Kaufman and Tanré, 1998) which does not provide AOD over bright surfaces like snow or desert (Remer et al., 2008) . Therefore, aerosol parameters from predefined climatologies (cf., Vermote et al., 1997; Koepke et al., 1997) are used to derive surface reflectance in this case.
FRESCO+ results using MERIS albedo
Comparison to results from the GOME database
The effect of the MERIS albedo climatology on O 2 A-band cloud retrieval is demonstrated using two exemplary months of SCIAMACHY data (January and July 2006). Global maps of monthly averaged effective cloud fraction obtained with the GOME LER and MERIS BSA datasets as well as their differences are depicted in Fig. 5 . The global cloud patterns are clearly detectable in both FRESCO+ results, e.g. higher as well as the absolute differences (c-d) to FRESCO+ GOME over Europe for January and July 2006. Note that ocean pixels are processed with the GOME LER data also in the MERIS retrieval so that no differences occur over water. Grid cells with no valid retrieval, e.g. due to permanent snow coverage are given in a grey color.
cloud fractions in the tropics and at higher latitudes or the northward movement of the ITCZ in summer. As FRESCO+ retrieves an effective cloud fraction (radiometric equivalent fraction of a thick cloud with A c of 0.8, c.f. Sect.2) the global maps do not represent the geometrical cloud fractions which are usually higher. For instance, c irrus clouds with a relatively low optical thickness are compensated in the FRESCO+ algorithm by reducing the effective cloud fraction. Such an effect would probably not be apparent in geometrical cloud fractions, especially when retrieved from sensors with a high spatial resolution (e.g. MODIS). Differences generally follow the trend identified in Fig. 4 and discussed in the previous section. For example, the higher MERIS BSA over Western Australia results in much smaller effective cloud fractions in July. The relatively higher MERIS BSA over the Sahara and the Arabian peninsula in January leads to lower effective cloud fractions in these regions which is not the case for July. Increased aerosol abundance and absorption during summer might lead to an underestimation of surface albedo in arid regions and therefore an overestimation of cloud fraction. However, the MERIS BSA dataset results in a distinct smoother distribution of effective cloud fractions over these arid regions (also in July). We attribute this effect to the better spatial resolution of the MERIS BSA database that allows a better representation of the quite heterogeneously distributed soils and rock types in the Saharan desert (cf. Tsvetsinskaya et al., 2002) .
A more detailed view is given in Fig. 6 for a subset covering Europe and parts of North Africa. The effect of the MERIS climatology is clearly detectable for both months. Mediterranean islands like Corsica or Sicily have a strong impact on the water-land mismatch in the GOME LER dataset (cf. Fig. 1 ) leading to an overestimation of effective cloud fraction. Mediterranean islands are not captured well by the GOME LER climatology in general. The increased effective cloud fractions along the northern African coast in the FRESCO+ GOME results are another example of the mismatch along coastlines. An improved effective cloud fraction retrieval from FRESCO+ in coastal areas is desirable considering that a majority of the world's largest megacities are located in the immediate vicinity to the ocean. Several studies underlined the scientific interest of air pollution assessments in these areas from spaceborne trace gas retrievals (e.g., Richter et al., 2005; . Scatter density plots of the cloud fractions obtained from the MERIS BSA data base as a function of the ones obtained from the GOME LER database are illustrated in Fig. 7 for January and July 2006. In order to reduce the influence of snow contamination exclusively values obtained between 50 • S and 50 • N are plotted. The majority of points is aligned close to the bisecting line. The bimodal distribution of cloud fractions is mirrored by an increased number of very low and very high values. The largest differences are mostly observable for effective cloud fractions lower than ∼0.3. This on the one hand underlines that the impact of surface albedo is largest for small effective cloud fractions and on the other hand is of particular interest for trace gas retrievals which are restricted to relatively small cloud fractions (usually < 0.3). The effect of the higher surface reflectivity of arid regions (cf. Fig. 5 ) and the enhanced spectral contrast along coastlines (cf. Fig. 6 ) can be detected in Fig. 7 where the FRESCO+ GOME results reveal more enhanced effective cloud fractions for low values of the MERIS results than contrariwise. The feature of relatively low MERIS BSA cloud fractions for GOME LER cloud fractions higher than 0.3 in the January scatter density plot (Fig. 7a) can mainly be ascribed to the above-mentioned geographical areas, i.e. coastlines, deserts and occasionally to snow cover affected areas in northern latitudes. The correlation coefficients are high (0.94 for January and 0.96 for July), the offsets low (−0.008 for January and 0.000 for July) and the slopes almost unity (1.002 for January and 1.000 for July). However, the results based on MERIS BSA reveal lower mean cloud fraction for global snow/ice-free land surfaces between 50 • S and 50 • N, e.g. 0.30 vs. 0.34 for GOME LER for January and 0.24 vs. 0.26 for the month of July 2006 which underlines the general reduction of the artefacts mentioned above.
With regard to cloud pressure, use of the MERIS database leads to similar results as the GOME LER. We consider exclusively cloud pressure for effective cloud fractions ≥0.1 (in accordance to Wang et al., 2008) . The MERIS BSA results reveal slightly lower average cloud pressure for January 2006 (GOME: 677.4 hPa, MERIS: 666.9 hPa; difference: 10.5 hPa ± 58.1 hPa) and almost identical average cloud pressure for July 2006 (GOME: 684.4 hPa, MERIS: 683.9 hPa; difference: 0.5 hPa ± 48.1 hPa). In addition, the correlation coefficients between the two sets are very high (0.96 for January 2006 and 0.97 for July 2006). Koelemeijer et al. (2002) showed that cloud pressure is not very sensitive to changes in surface albedo. The reason is that cloud pressure is derived from the depth of the O 2 A-band and since O 2 is a strong absorber in this band, most of the light is absorbed before reaching the surface such that the reflected light from the surface has only a small impact on the retrieval.
Comparison to HICRU
The Heidelberg iterative cloud retrieval (HICRU, Grzegorski et al., 2006) provides effective cloud fraction and cloud top pressure from SCIAMACHY data and is used herein to evaluate the impact of the new albedo climatology on the FRESCO+ retrievals. HICRU is especially suitable for this purpose as it is based on the same concept of effective cloud fraction in contrast to other available cloud parameters from other algorithms (e.g. Kokhanovsky et al., 2009) . In contrast to FRESCO+, HICRU takes advantage of the higher spatial resolution of the Polarisation Measurement Devices (PMD, 7 × 30 km 2 across/along track) to derive cloud fraction. For each scene, HICRU first defines an upper intensity threshold representing fully cloudy SCIAMACHY pixels (I cloudy ) and a lower intensity threshold standing for the intensity of cloud free pixels (I cloudfree ). The effective cloud fraction is subsequently found by linear interpolation, i.e. by dividing the difference between the measured intensity and I cloudfree by I cloudy -I cloudfree . The lower intensity threshold is a priori determined by iterative image sequence analysis of PMD3 (617-705 nm) intensities and is a function of longitude, latitude, and surface albedo. I cloudfree is mapped to a grid with a spatial resolution (latitude × longitude) of 0.1 • × 0.062 • . The upper threshold is found by radiative transfer calculations and as a function of solar zenith and view zenith angles. A detailed description of the methodology can be found in Grzegorski et al. (2006) and Grzegorski (2009) . The accuracy of the effective cloud fraction obviously depends on the two thresholds. HICRU fails in the presence of snow and ice because these surfaces are often brighter than clouds with high albedo. Grzegorski et al. (2006) compared HICRU to FRESCO (for latitudes between 50 • N and 50 • S to avoid snow contamination) and found slightly better correlations over ocean than over land. In this study we exclusively compare results over land as the MERIS albedo data does not provide values over ocean. FRESCO+ reports effective cloud fraction corresponding to a Lambertian cloud albedo of 0.8 and HICRU derives I cloudy as a function of the observation geometry with a fixed optical thickness of 50 and the assumption of a scattering cloud with a vertical extension of 1 km which approximately corresponds to a Lambertian cloud with an albedo of 0.9. In order to account for these different assumptions and for better comparability, we convert the FRESCO+ effective cloud fractions such that they correspond to a Lambertian cloud albedo of 0.9. An empirical relation (third order polynomial fit) between the ratio of the effective cloud fraction for a cloud albedo of 0.9 and 0.8 as a function of surface albedo has been established by running FRESCO+ for one SCIAMACHY orbit (4 February 2007, 10:30 UTC) for the two cloud albedo values (Fig. 8) . Cloud fractions are henceforth restricted to values below 0.8 because retrieved effective cloud fractions larger than one are set to 1.0 in the original FRESCO+ retrieval leading to an upper limit of approximately 0.9 after the conversion. Figure 9 demonstrates that the FRESCO+ MERIS results are in better agreement to the HICRU effective cloud fractions for both months than FRESCO+ GOME. (and July, cf. Table 2 ). FRESCO+ effective cloud fractions lower than 0.075 for HICRU cloud fractions larger than 0.225 in the January plots can be assigned to residual snow signals mostly in the MERIS BSA climatology. However, overall less than 0.3% of all retrievals are affected, mostly in Canada (∼90 • W, >40 • N) and Siberia (∼100 • E, >40 • N, cf. (Table 2 ). In contrast, although the σ (from 0.08 to 0.05), RMSE (from 0.12 to 0.09), and correlation (from 0.62 to 0.76) improves, the averaged difference remains constant for July ( Table 2 ). The MERIS and MODIS black-sky albedo are in very good agreement in this region throughout the year (e.g. in July R = 0.99, offset = −0.01, slope = 1.02, difference of mean = 0.00). The better correlation, σ , and RMSE can be explained through the enhanced spatial resolution of the MERIS database which better captures the heterogeneous surface features in the desert. As noted in Muller (2008) absorbing aerosols seriously hamper an accurate albedo retrieval. The study of de Graaf et al. (2005) revealed that the annual occurrence of desert dust is highest in the summer months which indicates that both, MERIS and MODIS black-sky albedo, are underestimated for this time of the year. In addition, FRESCO+ effective cloud fractions are very sensitive to small changes of surface albedo values, especially over highly reflective targets. The following estimate of the change in effective cloud fraction due to changes in surface albedo is given in Koelemeijer et al. (2002) : 2 N: number of match-ups.
3 R: correlation coefficient. 
HICRU reveals an average effective cloud fraction (c) of 0.037 for July 2006 over the Saharan desert and Arabian peninsula (cf. Table 2), the mean A s of MERIS in this area is 0.394, A c of FRESCO+ is 0.9, and c is 0.07 (see Table 2 ). Thus, disregarding all other error sources and assuming HI-CRU provides the true cloud fraction, Eq. (2) suggests that MERIS BSA is underestimated by 0.035 (∼9.0%) in July in the considered area. Figure 10 presents global maps of the difference between FRESCO+ MERIS or GOME to HICRU. Again, FRESCO+ MERIS−HICRU reveals a smoother geographical distribution in comparison to FRESCO+ GOME−HICRU due to the better spatial resolution of the MERIS BSA database. Both FRESCO+ retrievals occasionally underestimate effective cloud fraction in regions adjacent to snow covered areas, i.e. in the boreal forests in the northern hemisphere in January 2006. For January 2006, the obtained enhancements are particularly detectable over the above-mentioned arid regions but also over large parts of the Americas. FRESCO+ GOME underestimates effective cloud fractions in the ITCZ in both months, e.g. in Northern South America due to residual cloud signatures in the GOME LER data base (Koelemeijer et al., 2003, cf . Fig. 4 , Sect. 4.1.4). Taken together, we conclude that FRESCO+ MERIS is in clearly better agreement to HI-CRU than FRESCO+ GOME.
Impact on trace gas retrievals
Surface albedo affects trace gas retrievals directly through the radiative transfer computations of the clear-sky air mass factor in the fitting window of the trace gas and indirectly via cloud parameter retrievals. With regard to the direct effect, an increase in surface albedo increases the air mass factor thereby decreasing the vertical column density. The study of Boersma et al. (2004) reported a 5% change for clean cases and 8% change for polluted cases in NO 2 tropospheric vertical column densities (NO 2 VCD trop ) for a surface albedo change of 0.02 at 440 nm. In Sect. 4.1.3 we found the MERIS BSA climatology to be ∼0.01 lower than GOME LER at 470 nm so we expect the direct impact of the MERIS database to be on average a small increase in NO 2 VCD trop of 2 to 4%. However, a more in-depth analysis of the first effect of the MERIS BSA climatology is beyond the scope of this work and therefore left for future studies. Emmons et al., 2010) and the radiative transfer code LIDORT (Spurr, 2008) was used for air mass factor calculations. The tropospheric air mass factor was computed as a combination of the clear-sky and cloudy-sky air mass factor following the independent pixel approximation. For a detailed description on NO 2 VCD trop retrievals, the reader is referred to the literature (e.g. Boersma et al., 2004; Zhou et al., 2010) . The impact of a change of the effective cloud fraction on NO 2 VCD trop is depicted in Fig. 11a for all coincident FRESCO+ GOME and FRESCO+ MERIS results with an effective cloud fraction lower than 0.3. In general, an increase of cloud fraction due to a decreased surface albedo enhances the tropospheric air mass factor and hence decreases NO 2 VCD trop (and vice versa) when the cloud is inside or below the trace gas layer. On the other side, an increase of cloud fraction may reduce the tropospheric air mass factor when the cloud is located well above the trace gas layer because high clouds shield tropospheric NO 2 from detection. The average cloud pressure from FRESCO+ in July 2006 is ∼870 hPa indicating that the majority of the clouds in this analysis is low. The linear regression from the points plotted in Fig. 11a denotes that a decrease of the effective cloud fraction of 0.05 leads to an increase of 5.4% in NO 2 VCD trop (slope = −108.08 ± 1.9). However, there is considerable scatter in the results due to variations in cloud pressures (and therefore also variations in the ghost columns) and the level of pollution. The impact is generally stronger in polluted regions and weaker in clean areas. The density distribution indicates a slight shift toward higher effective cloud fractions for FRESCO+ MERIS because overestimated FRESCO+ GOME cloud fractions do frequently not pass the threshold of 0.3 when FRESCO+ MERIS cloud fractions do.
The spatial distribution of monthly averaged NO 2 VCD trop derived with the FRESCO+ MERIS cloud parameters for July 2006 is presented in Fig. 11b . The average change of cloud fraction for the region mapped in Fig. 11b and 11c is 0.025 and the cloud pressure increases by 19 hPa which overall leads to a slight decrease of NO 2 VCD trop of only around 0.01 × 10 15 [molec cm −2 ] or about 0.5%. However, the differences can be quite large on a regional scale (Fig. 11c) . For example, the absolute differences are obviously larger in polluted regions (c.f. Fig. 11b) like England, the Netherlands, or the Ruhr region in Germany where NO 2 VCD trop can change by more than 1 × 10 15 [molec cm −2 ]. The most distinct exception can be found in the northern part of England (north of 53 • N) where NO 2 VCD trop increases about 0.6 × 10 15 [molec cm −2 ] (6%), although the effective cloud fraction decreases (∼0.05), which is most likely caused by the decrease of cloud pressure from ∼770 hPa to ∼540 hPa. Although the effective cloud fraction changes quite strongly in North Africa (c.f. Fig. 6d ), almost no changes appear in this region because the NO 2 VCD trop is low. The improvements obtained when integrating the MERIS climatology in FRESCO+ can also be observed along coastlines, e.g. around the Mediterranean coast where the reduced cloud fractions of FRESCO+ MERIS along coastlines lead to higher NO 2 VCD trop . No differences are obtained for southern Italy and some Mediterranean islands because FRESCO+ GOME effective cloud fractions exceed the threshold of 0.3 due to the strong underestimation of surface albedo in the GOME LER data. In contrast, applying the MERIS dataset to FRESCO+ leads to valid NO 2 VCD trop in these areas (Fig. 11b) . FRESCO+ cloud parameters can also be used for trace gas retrievals in the UV spectral range (such as O 3 , SO 2 , HCHO, or BrO). For this reason, we compare TOGOMI (Total Ozone algorithm for GOME using the OMI algorithm, Valks and van Oss, 2003) total O 3 columns of version 1.3 processed with the FRESCO+ GOME and version 2.0 processed with the FRESCO+ MERIS cloud parameters, respectively. The change of total O 3 as a function of the change of effective cloud fraction is illustrated in Fig. 12a over land for the above mentioned study region. Here no threshold on the effective cloud fractions is applied for the O 3 analysis. In general, the impact of the MERIS dataset is similar to the one discussed above for the NO 2 VCD trop . O 3 VCD decreases with increasing cloud fraction and this change depends on the total trace gas column. The linear regression from the points plotted in Fig. 12a indicates that a change of the effective cloud fraction of 0.05 leads to a change of 0.65% in the O 3 total column (slope = −12.97 ± 0.05). The average effective cloud fraction for July 2006 slightly decreases by −0.007 which leads to an increase of O 3 VCD of 0.5 DU (0.17%). Again, regional deviations between the two TOGOMI versions can be distinctively larger. For example, along the coastlines total O 3 columns can increase in the range 5-10 DU (∼1.6-3.2%, Fig. 12b ). Valks and van Oss (2003) reported a total error of TOGOMI O 3 VCD between 2.5% (clear pixel) and 3.3% (completely cloudy pixel) which underlines that the MERIS dataset has a clear impact on trace gas retrievals on regional scale. Finally, in regions where MERIS BSA is lower than GOME LER and cloud fractions are therefore higher (e.g. North Africa or parts of France) O 3 VCD decreases. In general, the O 3 difference map in Fig. 12b reveals the same features as the effective cloud fraction difference map in Fig. 6d . Altogether, these preliminary results of NO 2 VCD trop and O 3 VCD derived with FRESCO+ MERIS suggest that the presented MERIS BSA climatology has a pronounced and beneficial effect on trace gas retrievals on regional scale even if the average differences are small. Fig. 12. a) Scatter density plot of the change of GOME derived total O 3 VCD due to a change of the effective cloud fraction (FRESCO+ MERIS -FRESCO+ GOME) over Europe and North Africa for July 2006. b) Map of differences between TOGOMI version 2.0 (processed with FRESCO+ MERIS) and TOGOMI version 1.3 (processed with FRESCO+ GOME). Positive values indicate higher effective cloud fractions for FRESCO+ MERIS and higher O 3 VCD for TOGOMI version 2.0.
Conclusions
A new albedo climatology created from MERIS Albedomap data with the aim to enhance the operational retrieval of effective cloud fraction over land surfaces in the O 2 A-band was introduced. We tested the substitution of the 1 • × 1 • GOME LER climatology in the FRESCO+ cloud retrieval with this MERIS black-sky albedo dataset on a grid of 0.25 • × 0.25 • . Further, the MERIS climatology was compared to MODIS black-sky albedo and to the GOME LER database. In order to assess the obtained improvements, FRESCO+ was run for two exemplary months of SCIA-MACHY data (January and July 2006) and the results were are obtained applying the FRESCO+ algorithm to any instrument which allows an O 2 A-band cloud retrieval (e.g. GOME or GOME-2). The herein presented database is available at http://www.temis.nl/data/meris.html.
